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The fact that displacement of a few hairs on the body surface gives 
rise to a localized (evoked) electrical potential in the somaesthetic 
area of the contralateral cerebral hemisphere (Gerard, Marshall and 
Saul, 1933, 1936) makes possible a systematic investigation of cortical 
mechanisms subserving a single cutaneous sensory modality. 

Such an investigation was undertaken on the monkey (Macaca 
mulatta), after some preliminary observations on cats, with the result 
that it has been possible to work out in considerable detail the topical 
projection of the tactile sensory system to. Brodmann’s areas 3, 1 
and 2 of the postcentral gyrus of the contralateral cerebral hemisphere. 
In addition to determining the extent of the primary cortical pro- 
jection area of the tactile system, the method has permitted a resolu- 
tion of topographical detail heretofore impossible with any available 
method, including that of electrical stimulation of the brain in con- 
scious human beings. Further, it has revealed certain new features 
of the organization of sensory representation which, with one ex- 
ception (Sittig, 1925), had not been anticipated by previous workers. 

Earlier incomplete accounts of this research have appeared else- 
where (Marshall, Woolsey and Bard, 1937a and b; Bard, 1938; 
Macleod’s Physiology, 1938, 1941). Those aspects of the problem 
dealing with the spatial distribution of the cortical reactions set up 
by stimulation of a fixed peripheral locus and recorded from the pial 
surfaces have been described in a separate paper (Marshall, Woolsey 
and Bard, 1941). 

We now present the experiments performed for the purpose of 
mapping the cortex in terms of peripheral cutaneous areas.” 

1 Fellow of the National Research Council, 1936-38, during which time these 
experiments were done. 

? Since this was written an important paper on afferent discharges to the cere- 
bral cortex has been published by Adrian. (Aprian, E. D.: Afferent discharges 
to the cerebral cortex from peripheral sense organs. J. Physiol., 1941, 100: 


159-191.) 
399 











C. N. WOOLSEY, W. H. MARSHALL AND P. BARD 


METHODS 


Potentials were amplified by a four stage resistance-capacity coupled amplifier.* 
Each of the coupling condensers usually employed had a capacity of 0.5 uF. giv- 
ing on overall time constant of approximately 93 msec.; 4.5 uF. con- 
densers were available to give a time constant of approximately 0.5 sec. Stimulus 
occurrence was controlled by a three channel timing circuit triggered by a frequency 
monitor, which also triggered the x-axis unit of the oscilloscope. 

Potentials were visualized on a cathode ray tube equipped with a six inch flu- 
orescent screen of medium persistence. They were recorded, when desired, by 
photographing the cathode ray trace. 

Tactile stimuli were applied to hair-covered (or clipped) areas of skin with a 
small camel’s hair brush, to bare surfaces with the tip of a short section of cat’s vi- 
brissa. These objects were mounted on a lever rigidly attached to the moving 
armature of an electromagnetic device the coils of which were energized by a pulse 
of 3 to 5 msec. duration. This produced a regular, quick, to and fro movement 
which, at the end of the lever, amounted to a displacement of approximately 0.5 
mm. during a few milliseconds. When applied to the human skin the stimuli were 
just above threshold and gave rise to sensations of light touch. Arrangements were 
such that movement of the stimulator occurred at a given and adjustable point on 
the x-axis line of the cathode ray tube. Thusa clear signalling of the exact time of 
stimulation was assured. The stimulus was repeated at regular intervals of 1 to 
2 sec. 

Thirteen young adult monkeys (Macaca mulatta) were employed primarily in 
this research. In addition much confirmatory evidence was secured from other 
animals used in connection with the study referred to above (Marshall, Woolsey 
and Bard, 1941). 

In the present experiments pentobarbital-sodium anesthesia was employed. 
An initial dose of 29 mgm. per kilo was given and this was supplemented by addi- 
tional amounts as required. After midline incision of the skin (to avoid section of 
cutaneous nerves) the calvarium was widely removed unilaterally or bilaterally, 
including that portion overlying the sagittal sinus, and the dura was reflected. For 
exploration of the medial aspect of one hemisphere enough of the other was re- 
moved to permit free access to the desired region. The cortex in various fissures 
was examined after careful removal of one bank in a manner to expose the opposite 
bank. This was accomplished with a subpial aspiration technique, employed 
generally in this laboratory for cortical extirpations. Care was taken to preserve 
the blood supply and drainage of the tissue to be examined. 

During the course of an experiment those portions of exposed cortex not under 
examination at the moment were kept covered with strips of cellophane to prevent 
drying by evaporation and to promote spread of fluid by capillarity. Usually the 


* This amplifier was similar to those designed by Mr. Albert Grass for Dr. 
Hallowell Davis at that time (1936) and was constructed by one of the authors 
(W. H. M.) while he was a guest in the laboratory of Dr. Davis. Grateful ac- 
knowledgment is made for the helpful advice of Mr. Grass and Dr. Davis. 
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cortex was moistened only with cerebrospinal fluid, since artificial fluids were found 
to have a temporarily depressant effect upon the cortical electrical activity. Body 
temperature was maintained at a normal level through external application of heat. 
When experiments were long continued, fluids were given by stomach tube or 
parenterally. 

Because of the detailed nature of the observations, individual experiments lasted 
from 10 to 59 hours. Throughout these long periods no difficulty was experienced 
in maintaining the preparations in satisfactory condition. There were occasional 
periods of depressed cortical activity but these were rare and of only a few minutes’ 
duration. The animals were kept at a surgical level of anesthesia in order to reduce 
the spontaneous activity of the cortex toa minimum. This permitted observa- 
tions to be made more rapidly than would have been possible with lighter narcosis. 
As indicated elsewhere (Marshall, Woolsey and Bard, 1941) the localization pattern 
apparently is not affected by anesthetics. 

Mapping of the cortex was carried out as follows: The animal’s head was placed 
in a Horsley-Clarke instrument which carried two pick-up electrodes constructed of 
steel tubing containing acoreof No. 50cotton thread moistened with Ringer’s fluid. 
One electrode was placed at a distance from the primary projection area either 
on the cortex or on the skull. The exploring electrode was then moved system- 
atically over the area being studied, generally in steps of one millimeter along 
successive antero-posterior and transverse axes of the Horsley-Clarke instrument. 
A record was kept of the coordinates of each point. At the same time the positions 
of the points were plotted on an enlarged photograph of the brain taken to show the 
finer vascular pattern. Because of the convex contours of the hemisphere this 
permitted a more accurate recording of the exact positions and spatial arrangement 
of the points than was possible through use of the Horsley-Clarke coordinates alone. 

For each cortical point examined the entire body surface was explored with the 
tactile stimulator to determine whether or not any peripheral area sent impulses to 
that cortical point. When a cutaneous area related to a cortical point was located, 
its borders were carefully delimited and the amplitudes of cortical potentials evoked 
by stimulation of different portions of the area were noted. To obtain data fora 
single cortical point as many as 25 to 100 cutaneous spots had to be examined with 
the stimulator while the oscilloscope was observed for presence or absence of corre- 
lated response. For each spot the stimulus was repeated several times to make 
certain that the cortical response recorded was typical. Determining the cutaneous 
area related to a single cortical point, therefore, required from 15 to 40 minutes, or 
more. In general the stimulator was managed by one observer while the recording 
was done by another. Protocols were kept with the aid of rubber stamps repre- 
senting various portions of the body surface. On the outlines made by these 
stamps the cutaneous spots stimulated were marked and a free-hand sketch of the 
wave form and amplitude of the cortical response was drawn. From data so re- 
corded the maps illustrating this paper were constructed. 

The manner in which the cutaneous area related to a cortical point was deter- 
mined and the way data were employed to construct the maps may be seen by 
referring to Figs. 1 and 2. The insets of Fig. 1, A and B, show the cutaneous spots 
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stimulated on the palmar (A) and volar (B) surfaces of the hand. The potentials 
recorded from a fixed point in the hand area of the postcentral gyrus in response to 
stimulation of these spots are arranged about the insets and appropriately num- 
bered. It can be seen that the largest potentials were obtained on stimulation of 
the volar and palmar surfaces of the thumb and the adjacent palmar surface of the 
hand and the index finger. Progressively smaller responses were noted on stimu- 
lation of spots surrounding this region as one moved toward the wrist, finger tips 
and radial side of the hand; no responses were elicited on stimulation of the radial 
side of the volar surface of the hand or from the arm proximal to the wrist. 





A B 


Fic. 2. This diagram, made from Fig. 1 A and B, shows the method used to 
translate the electrical data into the figurines of the charts illustrating thispaper. 
The extent of the peripheral area on the palmar (A) and volar (B) surfaces of the 
right hand is shown and the relative sizes of the potentials evoked are indicated 
roughly by shading and lining. 


Fig. 2 was constructed from these data by representing in black the cutaneous 
area yielding maximal potentials, while the remainder of the area was lined to indi- 
cate potentials of intermediate and smallest sizes. Since the gradation in size of 
potentials evoked on moving the stimulator from center to periphery of the cutane- 
ous area is continuous, this subdivision is an arbitrary one. Nevertheless it was 
considered sufficiently satisfactory for the purpose. At the margins of the cortical 
tactile area (areas 3, 1 and 2 of Brodmann) the potentials were of smaller amplitude 
than elsewhere. In charting data for such marginal points shading was omitted 
and lining alone was employed. 

In this manner data for each cortical point and its corresponding cutaneous area 
were transformed into diagrams 4 inches square. All the diagrams for a given ex- 
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periment were assembled on large cards in proper relation to one another and to 
lines representing cerebral fissures, in positions corresponding to the loci of the 
respective cortical points. Photographs were then taken and fitted together to 
form a topographically accurate picture, suitable for further analysis and for illus- 
tration. Most of the charts are accompanied by key diagrams made from the 
actual brains studied; they show the relation of points illustrated to the general 
topography of the brain. Jn all cases cortical exploration was continued beyond the 
active area along each coordinate. However, points outside the active area showing 
no correlated responses usually are not indicated on the charts. A map of the en- 
tire tactile area made by combining the results of several experiments has been 
published elsewhere (Bard, 1938; Macleod’s Physiology, 1938, 1941). 

It should be emphasized that only one-half of the body surface is represented in the 
individual diagrams composing the charts (excepting the double figures for the head). 
In the case of the hand one half of the diagram represents the volar, the other half 
the palmar surface. The latter is indicated by a line drawn across the base of the 
palm. Ina similar way the plantar surface of the foot isshown. In the figures of 
the whole body the dorsal and ventral aspects may be distinguished by the palm 
and sole lines and by the facial markings on the side representing the ventral aspect. 
Evidence for bilateral cortical representation of tactile sensibility was secured for 
the head only. 


OBSERVATIONS 


For a number of reasons it seems desirable to present the results of 
this study in a pictorial manner. This method permits a synthesis 
of the data of each experiment so that the pattern of the cortical 
representation is evident at once. It allows compression of large 
masses of material which otherwise could not be given even in many 
pages of writing. In this manner we describe 11 of the principal 
experiments of the series. This makes possible an adequate presenta- 
tion of information relating to the various portions of the tactile area, 
demonstrates the essential stability of the cortical pattern, and shows 
clearly the variability of sulci with respect to particular portions of 
the sensory area. However, if one considers that a region approxi- 
mately 4.5 cm by 1.3 cm contains the tactile cortical representation 
for one half of the cutaneous surface of the body it is evident that 
examination of the cortex millimeter by millimeter, particularly when 
large areas of skin are related to small areas of cortex, is a relatively 
gross procedure. For this reason alone there is bound to be vari- 
ability of detail from one experiment to another, and in order to secure 
a complete picture of the cortical pattern it is necessary to synthesize 
the data from several animals. 
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The first experiment conducted with the primary purpose of map- 
ping the tactile projection area was performed Feb. 4-5, 1937 (Expt. 
I). The results are shown in Fig. 3. Points were examined through- 
out the length of the postcentral gyrus, but chiefly in the hand area. 
The general sequence of the representation was found to correspond 
to that currently accepted for man. However, certain features were 
noted which, as subsequent experiments showed, are of particular 
interest. The order of arrangement of foci for individual digits 
within the area for the toes was foreshadowed by finding the hallux 
represented on the convexity near the midline. In the leg area 
responses were set up only on stimulation of the preaxial half of the 
limb. At the junction of the trunk and arm areas a point was en- 
countered which responded chiefly to stimulation of the occiput and 
ear but it could be activated also by tactile stimulation of any portion 
of the contralateral face. In the face area, lateral to the region for the 
hand, the converse was true. At one point the largest potentials were 
evoked by stimulation within the distribution of the ophthalmic nerve 
but in addition smaller potentials were elicited from the entire lateral 
half of the head and neck. These observations suggest a much more 
extensive overlap in the distribution of trigeminal and upper cervical 
nerve fields than is generally supposed. Except for some small po- 
tentials produced by stimulation of the cornea no ipsilateral responses 
were observed. 

In Fig. 4, A and B, the results of two experiments (II, 2/10/37 
and III, 5/18/37) dealing with the most lateral portion of the post- 
central gyrus are shown. In Expt. II the precentral gyrus was re- 
moved to permit examination of the cortex forming the posterior 
bank of the central fissure. These two experiments revealed the 
organization within the thumb and the face areas. 

The diagonal arrangement of the thumb points in a rostromedial- 
caudolateral direction is clearly shown. In Expt. II the thumb 
diagonal reaches the end of the intraparietal sulcus and the entire 
face area lies lateral to this level. In Expt. III, however, the thumb 
diagonal meets the intraparietal sulcus several millimeters higher up 
and a large part of the face area is enclosed between the central fissure 
and the lower part of the intraparietal sulcus. 

Some features of the face representation may be mentioned. In 
the region of transition from the thumb area, the first potentials which 


Fic. 3. Expt. I, 2/4-5/37; Macaca mulatia, male, 3.55 kg., maintained in good 
condition under nembutal anesthesia for 39 hrs.; 24 hrs. of observation. Inset 
(natural size) shows points on postcentral gyrus which were examined for potentials 
evoked by tactile stimulation of the contralateral half of the body. Except for a 
small response from the ipsilateral cornea no potentials were produced by ipsilateral 
stimulation. Each of the small figures (consisting of hands, arms, feet, etc.) shows 
by shading the cutaneous area which on tactile stimulation gave rise to potentials 
at the point indicated by the position of the small diagram on the chart. In each 
case except the head the = half represents the dorsal surface, the left half the 
ventral surface of the ustrated. Largest potentials were evoked by 
stimulation of the po oe portions of the shaded areas. The sensory se- 

uence on the postcentral gyrus is as follows: Lips, upper face and eye, 

umb, index jo, digits Tid IV, V, forearm, upper arm, clavicular aspect 
of shoulder, neck, side of head and occiput, posterior axilla, trunk, preaxial 
aspect of leg, hallux. 

In this and succeeding figures the significance of the labeling is 
as follows: a, central fissure; a’, bottom of central fissure; }, intra- 
parietal sulcus; c, postcentral sulcus; d, rim of hemisphere separat- 
ing dorsolateral and medial surfaces; e, callosomarginal ulcus; e¢’, 
bottom of callosomarginal sulcus. 
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are encountered in the face area are related to the skin of the lower 
jaw. This can be seen best in Expt. II but also in Expt. III and in 
other experiments involving this area (Figs. 5, 11, 12). The most 
lateral points are related to the inside of the mouth and tongue 
(See also Figs. 11 and 12). When the face representation is con- 
sidered in relation to the distribution of the three divisions of the 
trigeminal nerve, as delimited for the monkey by Sherrington (1898), 
one can see that the cortical field for each division is fairly definite. 
That for the mandibular branch begins on the bank of the central 
fissure in the region overlapping the thumb area where the tip of the 
mandible is represented. It then extends back across the postcentral 
gyrus to include points for the side of the face and head. After 
reaching the intraparietal sulcus it swings forward across the lower 
portion of the face area back to the central fissure taking in the lower 
jaw once more, the lower part of the buccal cavity and the tongue. 
Enclosed within this arc of the mandibular field are areas for the 
ophthalmic and maxillary divisions. The ophthalmic is the smallest 
of the three and lies medial to the maxillary. There is considerable 
overlapping of the three fields. 

At a few cortical points in Expt. II strong ipsilateral responses 
were obtained on stimulation of the skin of the lower jaw. They 
were accompanied by considerably longer latent periods than char- 
acterized the contralateral responses (21 msec. vs. 9 msec.). Weak 
ipsilateral effects from the lower jaw were seen also in Expt. III. 
Elsewhere a sharp line of demarcation separated the right and left 
halves of the body even when the cutaneous areas producing maximal 
potentials touched the midline. A small degree of overlap across the 
midline was encountered. This did not exceed 3 mm at any point 
where fixation of the skin permitted accurate determination, as for 
example along the center of the nose, at the nostrils and on the mucous 
membranes of the gums and hard palate. (Cf. Sherrington, 1893). 

Expt. IV (5/25-26/37; Fig. 5) was devoted to an examination of 
the hand and arm areas. A relatively small expanse of cortex is 
related to the large surface of the arm as compared with the greater 
amount related to the fingers and hand. The diagonal arrangement 
which has been pointed out for the cortical representation of the 
thumb is again seen, and a similar organization for the other digits 
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can be made out. In the lower portion of the hand area the digits 
alone are represented. Higher up there are foci for the entire hand, 
including the digits; these foci also are arranged in a diagonal manner. 
Higher still are points for the forearm, and at the top of the diagram 
the preaxial surface of the upper arm and the shoulder are represented. 
The diagram in the upper right corner shows that potentials were 
recorded at this point from the top of the shoulder, side of the neck, 
entire head and face. Particular attention is called to the fact that 
no foci for the postaxial aspect of the upper arm are present on this 
chart. The significance of this will appear in subsequent experiments. 

The area charted in Fig. 6 (Expt. V; 5/13/37) includes the cortical 
projection for the upper cervical nerves, which supply the occiput and 
the lateral aspect of the head and the neck. Representation for the 
head in this portion of the postcentral gyrus is a fact which has not been 
recognized previously. The significance of the projection of the 
cervical nerve field to this region will be considered in the discussion. 
For the present it should be noted that the area for the upper cervical 
nerves merges posteromedially with points related to the posterior 
aspect of the upper thorax, the posterior axilla and the trunk. Later- 
ally it is contiguous with points for the top of the shoulder, the clavicu- 
lar region and the preaxial surface of the arm. The extensive overlap 
in some instances of the cervical and the trigeminal fields again should 
be noted. At several points weak ipsilateral responses were evoked 
by stimulation of the occiput, vertex and lateral aspect of the head 
(not indicated in Fig. 6). The cutaneous areas from which ipsilateral 
potentials were evoked were situated symmetrically with respect to ~ 
those areas from which maximal contralateral responses were produced 
at the same cortical points. It is possible that in some experiments 
ipsilateral stimulation may have produced its effect by mechanical 





Fic. 4 A. Expt. II, 2/10/37; Macaca mulatia, female, 3.9. kg.; nembutal anesthesia; 
10 hrs. observation. Areas 4 and 6 of left cortex removed to allow examination of the pos- 
terior bank of the central fissure. A few ipsilateral responses of good amplitude were 
produced by stimulation of the lower jaw; all other areas gave rise to contralateral responses 
only. 

Fic. 4 B. Expt. III, 5/18/37; Macaca mulatta, male, somewhat emaciated, 2.7 kg.; 
nembutal anesthesia; 15 hrs. observation. 

In these two experiments the cortical area for the trigeminal nerve wasexamined. Note 
in Fig. 4 A that at several cortical points impulses were received from the occipital aspect 
of the head, which is outside the accepted distribution of the trigeminal nerve. By careful 
study of Fig. 4 B the overlapping cortical areas for the three main divisions of the trigemi- 


nus can be distinguished. 











Fic. 5. Expt. IV, 5/25-26/37; Macaca mulatia, male, 3.55 kg.; hair clipped from all 
parts of body except digits one week previously. ’ Animal kept in good condition under 
nembutal for 40 hrs. during 26 of which observations were made. All data for contralateral 
half of body. No ipsilateral responses. Note particularly that the responses from the 
upper arm are from the preaxial aspect of it. 
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Fic. 6. Expt. V, 5/13/37; Macaca mulatia, male, 3.15 kg.; nembutal anesthesia; 12 
hrs. observation. Only contralateral representation is illustrated, but at several points 
weak ipsilateral responses were noted on stimulation of the occiput, vertex and lateral 
aspect of the head. (Skin incised along the midline.) Representation for the head in this 
portion of the postcentral gyrus is a new finding. This is the projection area for the upper 
cervical nerves. Note p emeenpennnmee the relation of points for occiput to those for pos- 
terior aspect of upper thorax, posterior axilla and trunk; observe laterally the relation of 
yr ae points to those for the top of the shoulder, clavicular region and preaxial surface 
of the arm. 
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transmission of the stimulus to the contralateral side of the body. 
The present experiment cannot be interpreted in this manner. 
Expt. VI (6/14/37; Fig. 7) carried the exploration of the post- 
central gyrus up to and slightly over the medial edge of the hemisphere. 
The cutaneous surface represented in the charted area extends from 
the posterior aspect of the head, over the trunk and down the leg to 
the hallux. The most significant finding is the observation that 
only on stimulation of the preaxial surface of the leg were maximal 
potentials evoked on the convexity of the hemisphere. No potentials 
at all were produced in this portion of the cortex by stimulation of the 
postaxial surface of the thigh, although small ones were obtained at 
many points from the posterior aspect of the lower leg, where there is 
overlap by nerves supplying the preaxial border. The points for the 
hallux were determined on the right hemisphere after removal of the 
left. For the sake of convenience they are charted as if determined 
for the left cortex. No ipsilateral responses could be detected. 
Expt. VII (2/15/37; Fig. 8) revealed the cortical organization for 
the entire lower extremity and its relation to foci for the head, trunk 
and genitalia. Loci for the preaxial surface of the limb were again 
located on the convexity of the hemisphere; those for the postaxial 
surface were found on the medial aspect in reverse order as regards the 
various portions of the leg. Between the areas for the pre- and post- 
axial surfaces of the proximal parts of the limb lay centers for the toes, 
with the hallux near the rim of the hemisphere on the dorsal surface 
and the rest of the digits on the medial surface. Points for the fifth 
digit show an intimate relation between this toe and the outer edge 
of the foot and the heel, those for the hallux show a similar relationship 
to the inner side of the foot and the anterior aspect of the ankle. 
The genitalia were represented at the sulcus callosus marginalis in 
relation to foci for the proximal part of the postaxial surface of the 
limb. Since the cortex within the sulcus callosus marginalis was not 
examined, centers for the tail were not encountered (See below). 
Careful study of the chart in the area for the trunk and head reveals 
certain interesting features concerning the arm. The postaxial 
surface of the arm (supplied by T; and T-:) is represented in intimate 
relation with the trunk, which is supplied by the rest of the thoracic 
segments. The preaxial aspect of the arm (supplied by cervical 
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Fic. 7. Expt. VI, 6/14/37; Macaca mulatta, male, 3.7 kg.; clipped 2 wks. previously; 
nembutal anesthesia. Left hemisphere examined for period of 14 hrs. After an interval 
of 8 hrs., during which the animal remained anesthetized, the left cortex was removed and 
the medial aspect of the right hemisphere was examined. Animal died after 3 hrs. Data 
from right cortex plotted with those from the left. No ipsilateral responses. The sensory 
sequence revealed by the experiment is as follows: Occiput, dorsal thorax, posterior axilla, 

» preaxial surface of the thigh, knee and lower leg, dorsal aspect ankle and foot 
(chiefly 1 hallucal side), base of hallux, hallux and digit IT, lateral digits. 
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Fic. 8. Expt. VII, 2/15/37; Macaca mulatta, male, 3.5. kg.; nembutal anesthesia. 
Right cortex removed to expose medial aspect of left hemisphere; 24 hrs. observation. No 
ipsilateral responses. The cortical sensory sequence, beginning at the lateral end of the 
postcentral sulcus and ending at the callosomarginal sulcus (cinguli), is as follows: Pre- 
axial surface of upper arm, top of shoulder, side of neck and head, occiput, dorsal aspect of 
thorax, postaxial surface of arm, trunk, preaxial surface of thigh, knee and lower leg, an- 
terior aspect of ankle, hallux, toes II, III, IV, V, lateral aspect of foot, heel, postaxial sur- 
face of lower leg, popliteal fossa, postaxial surface of thigh, genitalia (scrotum, penis). 
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nerves) is represented lateral to the projection area for the upper 
cervical nerves which supply the occipital aspect of the head. (See 
also Figs. 3, 5, 6, 7, 11 and 12). No ipsilateral responses were en- 
countered. 

Expt. VIII (6/30-7/2/37; Fig. 9) revealed the same arrangement of 
the leg representation as did the preceding experiment. The toe 
area, however, was examined in somewhat greater detail. In this 
experiment maximal potentials were also evoked from the anus and 
submaximal ones from the tail. The foci for these regions were 
located in a more “medial” position than those for the thigh and 
genitalia. This and the preceding experiment show clearly how 
variation in position of sulci grossly alters the location of foci for 
particular portions of the body. Whereas in Expt. VII (Fig. 8) 
points for the entire postaxial surface of the leg and the genitalia were 
located on the medial surface of the hemisphere dorsal to the sulcus 
callosus marginalis, in Expt. VIII nearly all of these points were 
within the sulcus on its superior bank. This finding is correlated 
with a narrower vertical width of the paracentral lobule in the latter 
experiment. The cortical distance between points for the great toes 
and the genitalia is, however, practically identical in the two cases. 
No potentials were evoked by ipsilateral stimulation. This appeared 
to be true even for the genitalia. 

In Expt. IX (6/24-25/37; Fig. 10) the paracentral lobule and the 
superior bank of the sulcus callosus marginalis were examined. In- 
terest centers chiefly in the foci for tail and perineum. The tip of 
the tail is represented most deeply in the sulcus. Points for the base 
of the tail are slightly less deep and receive impulses also from skin 
over the posterior portion of the sacrum, from the region about the 
ischial callosity and from the anus. One point, situated between 
those for the tail and those for the penis and scrotum, received im- 
pulses only from the anus and a small area of surrounding skin. The 
postaxial representation of the leg is again given. Two of the points 
for the thigh showed a greater anterior extension of the peripheral 
cutaneous area on the lateral aspect of the limb than was encountered 
in other experiments. This probably indicates an individual varia- 
tion consisting of torsion of the skin about the longitudial axis of the 
limb. In Expt. VI (Fig. 7) a similar torsion in the reverse direction 
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Fic. 9. ae VIII, 6/30-7/2/37; Macaca mulatia, male, 3.75. kg.; nembutal anesthe- 
sia; hair clipped. From 9:45 A. M. , June 30 to 3 P. M. , July 1 experiments on left cortex 
dealing Sit cortical distribution of potentials evoked by stimulation of fixed peripheral 
points. Also data for Figs. 1 and 2 taken during this time. 4 P. M., July 1, left cortex 
ablated to expose medial aspect of right hemisphere; right gyrus callosus marginalis aspir- 
ated to permit exploration of superior bank of sulcus callosus marginalis. Examination 
of latter and paracentral lobule completed 6 A. M., July 2. At8A. ML. the right dura was 
opened and falx was mobilized by double ligation and transection of the sagittal sinus 
4 ite area 6 to permit free examination of the rim of the hemisphere. At 8:45 P. M., 

y 2, 59 hrs. after initial anesthetization, exploration of the right postcentral gyrus was 
ah et and the animal was killed. 

Sensory sequence as follows: Occiput, dorsal surface of thorax, lower trunk, preaxial 
surface of h, knee, lower leg with overlap to calf, anterior surface of ankle with overlap 
to all toes, ux, medial digits, lateral digits, lateral edge of foot, heel, postaxial surface 
of leg, postero-medial surface of thigh, scrotum and penis, anus, tail. 
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6/24- 25/37 


FISSURA CENTRALIS 


Fic. 10. Expt. IX, 6/24-25/37; Macaca mulatia, male, 3.1 kg.; under nembutal for 30 
hrs., 19 hrs. observation. Right cortex removed to expose left paracentral lobule. After 
this was explored the gyrus callosus marginalis was aspirated to permit examination of the 
superior bank of sulcus callosus marginalis. 

Sensory sequence as follows: Toes, lateral edge of foot, heel, posterior surface of calf 
(with overlap of entire lower leg), popliteal fossa, posterior aspect of entire thigh, skin 
below ischial callosity and scrotum, scrotum and penis, anus, base of tail and posterior 
sacrum, proximal tail, distal tail. 
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may be seen in the preaxial skin field. Tail, perineum and genitalia 
appeared to be represented unilaterally only. 

A greater expanse of the tactile sensory area was examined in 
Expt. X (2/12-13/37; Fig. 11) than in any other single experiment. 
The region explored consists of a large part of the posterior bank of the 
central fissure plus the lateral and medial portions of the postcentral 
gyrus of the left hemisphere and the paracentral lobule of the right. 
For convenience the data have been charted as if obtained entirely 
from the left cortex. Since the data fit together nicely it can be 
assumed that corresponding foci in the two hemispheres are sym- 
metrically situated. Nearly the whole sensory sequence is revealed. 
There appears to be less cortex related to the preaxial surface of the 
leg in this animal than in others and the points for the mouth and 
tongue are closer to those for the thumb than in most experiments. 
These are probably experimental errors, for in this experiment the 
points were not plotted on a photograph of the brain but on a cello- 
phane tracing which is less accurate. A point of special interest is 
the fact that the entire area for the toes lies on the convexity of the hemi- 
sphere, so that the hallux is represented several millimeters farther 
lateralward than in other animals examined. This lateral shift is 
accompanied by a similar alteration in the position of the medial 
terminus of the central fissure. The locations of points for the pre- 
axial and postaxial aspects of the upper arm, lateral and medial to 
the foci for the upper cervical nerve field are again seen. Attention 
should be directed to certain points on the bank of the central fissure, 
where maximal potentials were set up by stimulation not only of the 
wrist but also of the thumb. This is noteworthy since the points 
are at some distance from the “thumb” area. 

Expt. XI (6/17-18/37; Fig. 12) was devoted to an exploration of the 
posterior bank of the right central fissure and some points on the post- 
central gyrus. This and the preceding experiment show that the 
pattern of representation within the central fissure does not differ 
from that seen on the postcentral gyrus itself. The anterior bank of 
the central fissure of the left hemisphere also was examined in this 
animal after removal of the left postcentral gyrus. No evidence of 
extension of the tactile area to the anterior bank was secured. 
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Of the two experiments not charted, Expt. 4/1/37 concerned the 
face and the lower portion of the hand area and gave results quite 
similar to those of Fig. 4. The thumb diagonal reached the intra- 
parietal sulcus about 3 mm above its lateral extremity. The three 
divisions of the trigeminal nerve were represented in the same relative 
positions as shown in Fig. 4 B. There were no ipsilateral responses. 
Expt. 4/14/37 dealt with the medial third of the postcentral gyrus 
and the paracentral lobule, and again revealed the organization of the 
leg area. The findings were quite like those of Fig. 8 in all respects 
except that fewer points were examined. 

Histological correlations. Gross comparison of the cortical region 
yielding tactile potentials in Macaca mulatta with the architectonic 
maps of Brodmann (1909), Mauss (1908) and the Vogts (1919) for 
Cercopithecus indicates that the primary projection area for tactile 
sensibility consists of Brodmann’s areas 3, J and 2. Histological ex- 
amination of serial sections of five of the brains studied electrically 
confirms this. 

The photomicrographs of Fig. 13 were made from representative 
sections through the medial third of the Rolandic region. Fig. 13a 
shows the transition from area 4 to area 3 at the upper end of the cen- 
tral fissure (Expt. VI, Fig. 7). The boundary between the two areas 
is sharp and is situated approximately 1 mm. anterior to the fissure. 
This boundary agrees well with the anterior limit of the field of evoked 
potentials as charted in Fig. 7. 

Figs. 13b, c and d are from a section through the postcentral gyrus 
approximately 5.5 mm. lateral to the midline (Expt. X, Fig. 11). 
The characteristics of area 3 and the transition from area 3 to area / 
are shown in Fig. 13b, which is a photograph of the cortex forming the 
posterior wall of the central fissure. The structure of area / on the 
crest of the postcentral gyrus between the central fissure and the 
postcentral sulcus is illustrated by Fig. 13c. The transition from 
area 2 to area 5 in Fig. 13d is marked by a gradual reduction in the 
size and number of the large pyramidal cells in layer III and by an 
increase in the size of the pyramidal cells of layer V. The posterior 
limit of the field for tactile potentials corresponds to this boundary 
(Fig. 11). 
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DISCUSSION 


In the paper dealing primarily with the characteristics of the cortical 
potentials evoked by tactile stimulation of a fixed peripheral locus 
(Marshall, Woolsey and Bard, 1941), it was pointed out that maximal 
potentials were regularly recorded from areas 3, / and 2, and it was 
thought that primary responses were found occasionally in the anterior 
portions of areas 5 and 7. These deductions were made on the basis 
of published maps of the cortical fields. Our histological observa- 
tions, however, indicate that maximal potentials were not recorded 
from areas 5 and 7. Small potentials often were encountered in these 
areas, but they were of low amplitude and diffusely distributed, and, 
under the conditions of the experiments, gave no evidence of topo- 
graphical localization within the areas. Undoubtedly, however, 
they indicate functional relationships between areas 5 and 7 and the 
tactile system. Particular attention was given to area 5 because of 
Foerster’s (1931) observation that electrical stimulation of this 
area of the human brain gives rise to paresthesias of the entire con- 
tralateral half of the body. The area was carefully examined to 
determine whether it was a field responding to tactile stimulation 
of all parts of the opposite half of the body. No evidence in support 
of this view was secured. Primary tactile potentials were not en- 
countered anterior to the central fissure. The sharp decline of the 
potentials on passing from area 3 to area ¢ was most easily observed 
on the dorsal aspect of the hemisphere near the midline and in the 
paracentral lobule. These results are in satisfactory agreement with 
the anatomical studies of Clark and Boggon (1935) and of Walker 
(1938). 

The cortical sensory sequence in the monkey has been found to differ 
in several important respects from that currently accepted for man. 
Beginning in the lateral part of the postcentral gyrus and ending within 
the sulcus callosus marginalis this sequence is as follows:‘ Pharynx, 
tongue, lower buccal cavity, lower lip, upper lip and upper buccal 
cavity, nose and nasal passage, eye, forehead, side of head, chin, 
thumb, index finger, digits III, IV, V, hand, radial and ulnar surfaces 


* A composite map of the tactile area constructed from experiments III, IV, 
V, VIII and XI has been presented elsewhere. (Barb, Macleod’s Physiology 
in Modern Medicine 8th ed., 1938, pp. 170-171; 9th Ed., 1941, pp. 212-213; 
also BARD, 1938). 








Fic. 13. Photomicrographs made from 25 y, gallocyanin stained, representative sections 
through the medial third of the Rolandic cortex of the monkey to show the cytoarchitecture 
of cortical areas 4, 3, /,2 and 5. The parcellation of these areas in the sections and their 
positions in the photomicrographs are indicated in the key diagram. For correlation of 
cortical areas with region yielding tactile potentials see text p. 419. Section VI is from 
Expt. VI; section X is from Expt. X. F.C., central fissure; S.P.C., postcentral sulcus; 
S.C.M., callosomarginal sulcus; $.1.P., intraparietal sulcus. Note heavy accumulation of 
leucocytes at exposed pial surfaces. 
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of forearm, preaxial surface of upperarm, shoulder, neck, side of head 
and ear, occiput, postaxial surface of arm, trunk (upper then lower, 
and from level of the midaxial lines of upper to midaxial lines of lower 
limb), preaxial surface of leg (thigh, knee, lower leg), anterior surface 
of ankle and medial side of foot, hallux, toes II, III, IV, V, lateral 
aspect of foot, heel, postaxial aspect of leg (calf, popliteal fossa, thigh), 
genitalia, anus, lower sacrum, base of tail, tip of tail. 

It is evident that the currently accepted sequence, “hip, knee, 
ankle, toes, perineum,’ must be expanded to take into account the 
separate representations for the pre- and postaxial surfaces of the leg. 
It is also possible to give the sequence within the toe area for the 
various digits. Few data concerning this part of the sequence in 
man have been recorded. Foerster (1936) charts an area for the toes 
but does not describe foci for the individual digits. The same can be 
said of Penfield and Boldrey’s observations (1937). The lack of 
detailed information concerning topographical localization in the 
whole leg area of man is clearly related to the difficulty of exploring 
the paracentral lobule. According to Scarff (1940) the motor leg 
area of the human cortex is situated almost entirely on the medial 
surface of the hemisphere. Doubtless this is also true of the sensory 
zone. 

Another feature of the sensory sequence which has been revealed 
is the fact that the head and the neck are represented between the 
arm and the trunk areas (actually, between pre- and postaxial arm 
centers). This is the area for the upper cervical nerves. Impulses 
from all parts of the head including the entire area of distribution of 
the trigeminal nerve, enter the cortex in this region but the maximal 
potentials are from the occipital and lateral surfaces. 

Of considerable interest is the observation that the postaxial aspect 
of the arm is represented in conjunction with the trunk area, medial 
to the region just discussed, whereas the preaxial surface of the arm 
has its foci lateral to the head area. 

The features of the cortical representation which we have just 
emphasized have led us to undertake an analysis of the tactile sensory 
projection in terms of spinal cord segments.’ This is possible with the 

5In discussions of cerebral localization the word segmental often has been 
employed to signify regional parts of the body rather than melameric subdivisions. 
Thus, Marion Hines (1929, p. 501) has written: ‘“‘The segmental distribution of 
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aid of Sherrington’s figures for the dermatomes of the monkey (1893, 
1898, reproduced in Denny-Brown, Selected Writings of Sir Charles 
Sherrington, 1940). By identifying the cortical points receiving 
impulses from skin areas corresponding to the various dermatomes one 
is able to estimate the limits of the cortical projections for individual 
spinal segments. When the cortical projection area of a dermatome 
is large, determination of its probable limits is fairly easy, but when 
the cortical area is small, limits can not be set, because examination 
of the cortex in millimeter steps does not give sufficient resolution of 
topographical detail. Thus, for example, a strip of cortex not more 
than 2.5 mm. wide receives projections from all 12 thoracic segments. 
Nevertheless, even in this case it is possible to determine the relative 
positions of the projection areas for the upper and lower thoracic levels. 
As might be expected, each cortical point is related to more than one 
dermatone, so that there is overlapping in the cortex similar to that 
in the skin. The analysis shows that the dermatomes are represented 
by overlapping bands of various widths which parallel one another 
and are arranged roughly at right angles to the central fissure. The 
cortical area for each dermatome appears to consist of a single con- 
tinuous field, resembling in this respect the integral character of the 
dermatomes themselves. 

In Fig. 14 we present a schematic frontal section through the post- 
central gyrus and paracentral lobule, showing, according to our de- 
ductions, the serial arrangement on the cortex of the dermatomic 





parts of the body in the postcentral gyrus outlined by Head and Bénisty is cor- 
roborated by many others in such a definite manner that Goldstein regards this 
localization as fact and outlines it as follows: In the upper one-sixth of the con- 
volution the foot is more dorsal; then come the leg, hip and shoulder. The central 
two-thirds is the region for the hand, the ulnar division lying dorsal to the radial. 
In the lowest limit of the convolution lie the foci for the face and mouth.” And 
in Fulton’s Physiology of the Nervous System (1938, p. 397) Ruch makes the follow- 
ing summarization: ‘‘Study of the anatomical projections, responses to faradic 
stimulation, electrical reactions (action current), effects of strychninization and of 
ablation of the parietal lobe, all indicate the existence of a well defined segmental 
localization of sensory function in the parietal lobes.” It is clear that Ruch is 
not employing the term to signify metameric segmentation since most of the 
experimentation cited does not indicate a well defined metameric localization of 
sensory function in the parietal lobes. In discussing the present experiments we 
shall use the word only in its metameric connotation. 


428 C. N. WOOLSEY, W. H. MARSHALL AND P. BARD 


projection and the extent of overlap of successive dermatomes. It 
can be seen that the spinal segments from the first thoracic (T;) through 
the last caudal (Ca,) are projected to the (contralateral) postcentral gyrus 
and paracentral lobule in the same serial order as that in which they are 
arranged in the cord. This results in the following cortical sequence: 





DIGIT I! 

DIGIT 111 

DIGIT IV 

DIGIT V 

LAT. SIDE FOOT 
HEEL 


CALF 
POPLITEAL SP. 
POSTAX. THIGH 
GENITALIA 
oNws 

SACRUM 

BASE OF TAIL 
TIP OF TAIL 


Fic. 14. Schematic frontal section through the postcentral gyrus and paracentral lobule 
of the monkey, giving the sensory sequence and showing, according to our analysis, the 
serial arrangement on the cortex of the dermatomic projection and the overlap of successive 
dermatomes. Note the reversal of the cervical projection as compared with the projection 
of segments T; through Cay. The broken lines at the boundaries between trigeminus and 
C, and between C, and T, correspond with the boundaries between the face, arm and leg 
areas of Dusser de Barenne. F.S., Sylvian fissure; F.C., central fissure; S.C.M., calloso- 
marginal sulcus; MAX., maxillary; MAN., mandibular; OPHTH., ophthalmic; C., cervi- 
cal; T., thoracic; L., lumbar; S., sacral; Ca., caudal. 


Postaxial aspect of arm, trunk (below the level of the midaxial lines 
of the forelimb and above the midaxial lines of the hindlimb), pre- 
axial surface of the leg (thigh, knee, lower leg, anterior aspect of 
ankle), toes I-V, postaxial surface of the leg (heel, calf, popliteal 
fossa, thigh), genitalia, anus, tail. The serial order of the cervical 
segments (C2 to Cs) is retained but on projection to the cortex they are 
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reversed en bloc, so that the cortical field for the upper cervical nerves, 
which supply the occiput and the neck, lies in immediate contiguity 
with the cortical areas for T,; and T:, which innervate the postaxial 
surface of the arm, whereas the field of Cs is adjacent to that of the 
trigeminal. In the face area, as has already been pointed out (p. 407), 
one can identify the overlapping cortical fields for the three divisions of 
the trigeminal nerve.® 

The contrast between the current view of the sensory sequence in 
man and that presented here for the monkey may be brought out as 
follows: If a sensory “homunculus,” such as that given by Penfield 
and Boldrey (1937), were to be constructed for the monkey on the 
basis of our data, it would be necessary to split the sacrum and leg 
along the midaxial lines as far as the foot, and to arrange the toes 
between the pre- and postaxial divisions, with toe V related to the 
postaxial surface and the hallux to the preaxial surface. The cu- 
taneous area innervated by the cervical segments would have to be 
excised by cutting through the thorax and arm along the axial lines 
of the limb, and by separating the face from the neck and occipital 
aspect of the head. This excised region then should be reversed and 
inserted between the face and the postaxial surface of the arm and the 
thorax. 

On the basis of this analysis of the organization of the tactile sensory 
area one may recognize two points of discontinuity in the cortical 
segmental arrangement. One is the division between the fields for the 
trigeminal and the eighth cervical nerves, the other is the point at 
which the upper thoracic and the upper cervical fields meet. These 
metameric discontinuities apparently coincide with the divisions between 
the face, arm and leg areas revealed by Dusser de Barenne’s (1924) 
strychninization method. In this connection it is interesting to note 
that the cortical overlap in the projections of the three consecutive 
segments, Ls, L,, Lz, is fairly extensive, whereas in the case of Cs and 
the trigeminal, which are not intimately related segmentally, the 
overlap is quite small, although their cortical fields are large. 

A clue to the nature of cortical overlap may be gained by considering 


® The three divisions of the trigeminal, however, cannot be considered as 
homologous to dorsal spinal roots (Sherrington, 1898). For a discussion of the 
central connections of the trigeminal in terms of segmental levels see Woodburne 
(1939, p. 224). 
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the cortical fields receiving impulses from the skin of the head. If 
the face area and the upper head area were located contiguously in 
the cortex, there would be a large apparent cortical overlap between 
the two. Since, however, they are widely separated on the post- 
central gyrus it is clear that in this instance we are dealing primarily 
with a peripheral overlap. It is probable then that cortical overlaps 
merely reflect the overlapping cutaneous distributions of dorsal root 
fibers. However, although different dermatomes may supply a 
cutaneous area in common, their cortical foci do not necessarily 
coincide. Thus C,, C; and C;, all contribute to the innervation of the 
thumb. But according to our analysis those fibers from C; supplying 
the thumb project to a zone adjacent to the face area while C; and C,, 
send their fibers for the thumb to a region between points for the little 
finger and points for the lower arm. This gives a double cortical 
innervation for the thumb, one for detail, the other to relate the thumb 
in a larger way to hand and arm. There is a similar arrangement for 
the ulnar side of the hand. Cs, provides detail for the ulnar fingers; 
T, projects to a different part of the cortex and serves to relate the 
ulnar side of the hand to the rest of the postaxial surface of the arm. 

Certain features of the cortical dermatomic arrangement are of 
interest in relation to the question of “anatomical” versus “functional” 
representation in the cortex. ‘The dermatomes are not allotted cortical 
representation on the basis of the sizes of skin areas innervated by the 
various spinal segments. Nevertheless the cortical arrangement is 
as “anatomical’’ as is the distribution of sensory fibers in the skin. 
The “functional” value of different skin fields is reflected at the cortical 
level by the larger amounts of tissue devoted to skin areas possessing 
greatest tactile acuity (innervation density). Those segments in- 
nervating the most distal portions of the limbs have the largest cortical 
projection areas, those innervating proximal parts have less cortical 
representation, while those for the trunk have the least. (Compare 
with Holmes and Davenport’s (1940) data on the number of dorsal 
root fibers in various spinal segments of the cat.) According to our 
analysis C, and Ls have the largest shares of the cortical arm and leg 
areas respectively. These are the dermatomes for detailed representa- 
tion of fingers and toes. Together the cortical areas for these two 
segments extend over more than half of the tactile area. In contrast 
to this, the area devoted to the 12 thoracic segments is very small. 
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Our results suggest that the peripheral distribution of fibers from 
individual spinal segments may be somewhat more extensive than is 
generally believed. This appears to be the most reasonable interpreta- 
tion of the findings regarding the skin fields which send impulses to 
the “face area”’ of the lateral part of the postcentral gyrus and to the 
“upper head area.’’ In the face area maximal potentials are derived 
from the accepted distribution of the trigeminal, but smaller responses 
also are evoked by stimulation of the posterior aspect of the head and 
of the entire neck. The “‘upper head area” on the other hand receives 
maximal potentials from the accepted distribution of the upper cervical 
nerves, but it can be activated also by stimulation anywhere within 
the accepted distribution of the trigeminal, least well, however, from 
the central portion of the face and the buccal cavity. This confirms 
observations on man made recently by Lewy (1938), who concludes 
that ‘‘the cervical segments overlap with their touch fibers the territory 
of the fifth nerve in the face with the exception of its most medial 
region.” 

The amount of overlap at the mid-dorsal and mid-ventral lines is 
very small. In the face, where fixation of the skin permits accurate 
determination, this does not exceed 3mm at any point. (Cf. Sherring- 
ton, 1893.) In most experiments there was little evidence of overlap 
across the midaxial lines of the thigh but on the distal parts of the leg 
overlap appeared to be extensive. 

In the literature there are numerous reports of cortical injuries 
giving rise to sensory disturbances of the axial type. (For references 
see Foerster, 1936 b.) In recent years Foerster (1936 b) has provided 
us with many illustrations of this sort. His explanation for them is 
that the preaxial surfaces of the limbs are represented anteriorly and 
the postaxial surfaces posteriorly in the postcentral gyrus. This does 
not accord with our findings in the monkey. On the other hand it is 
not difficult to explain the axial type of sensory deficit seen in the clinic 
if one assumes that the tactile area is organized in man as it is in the 
monkey. However, destructive lesions of the cortex hardly can be 
expected to yield data sufficiently detailed to answer the question 
whether or not such an arrangement does exist in man. But the 
answer might be obtained through careful study of the march of 
paresthesias in cases. of sensory epilepsy. One such study has been 
reported in the literature (Sittig, 1925). The author writes: “By 
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inducing my patients to describe precisely their sensory seizures I 
have obtained some striking and unexpected observations.”’ His ob- 
servations appear of such significance in relation to our experiments 
on the monkey that we wish to consider them here in some detail. 
Sittig reported 10 cases of sensory Jacksonian fits which he found 
of interest because the march could not be explained by the accepted 
arrangement of the sensory foci in the postcentral gyrus. With the 
map of the tactile sensory area of the monkey before us it is possible 
to provide an explanation for the march in nearly all his cases. Most 
of them apparently involved the “upper head” area and spread thence 
down the arm or down the trunk, or attacks which began in the fingers 
spread up the arm to the neck and face. In his Case 5 nearly the 
entire sequence as seen in the monkey was revealed. It is of par- 
ticular interest because the attack spread down the preaxial and then 
up the postaxial surface of the leg. We shall quote the descriptions 
which he gives of the marches in five of his most interesting cases. 


Case 3: ‘‘At the same time she had a feeling of numbness in the left half of the 
body which began at her left ear and passed down her neck and shoulder to her arm, 
sometimes on the radial side to the thumb, sometimes on the ulnarside to the little 
finger.” 

Case 4: “‘At 44 years she had had attacks of formication beginning in her left 
axilla and passing along her arm to her fingers, or over her neck to the left half of her 
tongue and lips. Sometimes it begins in her fingers and goes up her arm and neck 
to the left half of her face. Sometimes it spreads from her left axilla over the trunk 
and from her hip down to her toes. If it begins in her face it spreads to the left half 
of her tongue and thence along her neck and arm down to her fingers.” 

Case 7: “In each fit she feels first a tingling in her right fingers, which goes up 
her right arm to her shoulder, then over her neck to the right side of her face, head 
and tongue. Sometimes it begins in the right side of her face, either at the angle of 
her mouth or in the temporal region, and passes over her neck to her shoulder and 
down her arm to her fingers. Sometimes it spreads from her hand to her shoulder, 
neck and face, then to the right half of her trunk and to her leg; or from her face 
to her arm and simultaneously to her trunk and leg.” 

Case 10: ‘‘The fits begin with paraesthesiae in his fingers, which pass over his 
arm to his shoulder, then over his neck to the right half of his face, and finally down 
his trunk into his right leg.” 

Case 5: “A third time he described the attacks in these words: ‘Jt begins in the 
tips of the fingers, goes to the shoulder and the side of my head; my teeth and lips become 
numb. (He points with his hand from his forehead to his cheek. Then he indicates 
the right half of his trunk, the front side of his leg to his toes, then the posterior aspect of 
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his legs upward to his back.) Finally it spreads to the other half of the body’.” 
(Italics ours.) 


In the discussion of his cases Sittig remarked: “These facts show 
that the march of the paraesthesiae in sensory Jacksonian fits does 
not always follow the order of the sensory points in the postcentral 
convolution. Hence we must conclude that sensory Jacksonian fits 
are not simply due to the spread of the excitation along the sensory 
centers.” He does not suggest a revision of the accepted sequence 
of foci in the postcentral gyrus. This he retains and adds: “But my 
own cases, in which the paraesthesiae spread in a manner which can 
only be explained by a metameric arrangement, seem to show that 
there may be in the brain also a metameric representation. This ar- 
rangement does not replace the representation of ‘functional habits,’ 
but exists, I assume, side by side with it. During that period of indi- 
vidual development when a metameric plan only exists, the brain is 
already developed to a certain degree, and it may be assumed that in 
it there is a metameric representation and that relics of this may remain 
in the fully developed brain. It isnot necessary to assume a preformed 
or fixed localization, but only an old functional mechanism or pattern 
analogous to Head’s ‘schema.’ That these are only relics which later 
disappear seems probable from the relatively infrequent occurrence 
of fits of this type.” 

We believe that these observations of Sittig, together with the evi- 
dence provided by the axial type of sensory disturbances, can be taken 
to indicate that the sensory cortex of man is organized in a manner 
similar to that of the monkey. It seems reasonable to expect that 
further efforts to induce patients ‘“‘to describe precisely their seizures” 
will provide additional evidence to support this view. That such an 
organization probably exists in the higher apes is indicated by a few 
observations which we were able to make on one chimpanzee (Woolsey, 
Marshall, Bard, 1942). 

It is interesting to note that, in several of the attacks described by 
Sittig, the cortical disturbance apparently spread the length of the 
area for the cervical segments, but failed to cross the boundaries 
separating the “arm” area from the “face” and “leg” areas. In other 
instances, where one such “barrier” was crossed, the attack stopped 
at the next. It is suggestive, then, that at times pathological dis- 
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turbances may be restricted by the structural organization of the 
cortex in the same way that the effect of local application of strychnine 
is limited (Dusser de Barenne, 1924). 

We shall not discuss fully the possible bearing of these experiments 
on the clinical manifestations of disease of the sensory cortex. It is 
clear, however, that most of the types of peripheral distribution of 
sensory defects which have been described as associated with cortical 
injury in man can be accounted for if man’s sensory cortex is organized 
similarly to the monkey’s. Since the apical parts of the limbs and 
the face have the largest cortical representations these are more fre- 
quently injured by disease than the cortical areas for proximal parts 
of the limb and the trunk. For the same reason dysesthesias restricted 
to the apical portions of the limb, even to the digits, are understand- 
able, whereas disturbances of the trunk or proximal parts of the limbs 
alone are unlikely, if not impossible. If the lesion is large the stocking 
or glove type of distribution should be expected, whereas smaller 
lesions may result in injury to foci for fingers or for pre- or postaxial 
parts of the limbs. Appreciation of the cortical arrangement for the 
pre- and postaxial surfaces of the leg may be of value in the diagnosis 
of focal injuries situated in the paracentral lobule. 

Our results provide two possible explanations of the clinical observa- 
tion that tactile sensibility is less disturbed in the face than elsewhere 
by cortical injuries. The first is the fact that the face and head are 
bilaterally represented. The second is that a cortical injury affecting 
the face area (trigeminal field) may not be extensive enough to involve 
also the “upper head” area which therefore allows partial preservation 
of sensibility in the face because of the peripheral overlap of the cervi- 
cal nerves. 

Our findings that the primary projection area for tactile sensibility 
is restricted to areas 3, J and 2 of the postcentral gyrus and paracentral 
lobule, confirm the conclusions previously drawn from a study of the 
cortical control of the tactile placing reactions of monkeys, (Woolsey 
and Bard, 1936; Bard, 1938), and support the opinion of Foerster 
(1936) and others as well as the experimental researches of Minkowski 
(1917). They apparently do not agree with the recently published 
observations of Penfield and Boldrey (1937) who found that sensory 
paresthesias occurred not only on electrical stimulation of the post- 
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central gyrus but also to a lesser extent after stimulation of the pre- 
central gyrus. Since Foerster reports that stimulation of the 
precentral gyrus after removal of the postcentral never gives rise to 
cutaneous paresthesias, the effects from the precentral gyrus may be 
due either to spread of the stimulus to the postcentral convolution or 
to antidromic excitation of fibers from the postcentral gyrus which 
end in the motor area. 

Dusser de Barenne’s (1924) experiments with strychnine have sug- 
gested that much more of the cortex than the postcentral gyrus is 
concerned with sensory function. The area so defined in general 
corresponds to the area receiving thalamo-cortical projections, (Poliak, 
1932; Clark and Boggon, 1935; and Walker, 1938), and includes areas 
6,4, 3, 1,2,5 and 7. Although Dusser de Barenne stressed the fact 
that strychnine produces the same symptomatology in the face, arm 
or leg, whether it is applied precentrally or postcentrally, his observa- 
tion on the effect of strychnine applied to the precentral cortex after 
removal of the postcentral areas is highly significant. He found: 
“The only difference in the reactions of the animal before and after the 
extirpations of the cortex was that, whereas the animal localized the 
stimuli with great promptness and reacted with sharp and very ac- 
curate movements of defense this was no longer so after the cortical 
lesions.” This ability to localize the peripheral point stimulated is 
one quality of tactile sensibility for which the postcentral gyrus is 
necessary, and it is permanently lost after total ablation of areas 3, 
1 and 2 of the monkey (Woolsey and Bard). 

We have no data from electrical potential experiments to offer 
regarding the cortical representation of other sensory modalities. 
Attempts to study proprioceptive sensibility in this way gave in- 
conclusive results. Ablation experiments, however, suggest that 
proprioceptive function is represented both precentrally and post- 
centrally. Thus study of the placing and hopping reactions of mon- 
keys indicates that the proprioceptive sensibility involved in hopping 
is represented precentrally while the sense of position is mediated by 
postcentral cortex (Woolsey and Bard). Similar conclusions have 
been reached through experiments by Minkowski (1917) and by 
Ruch and Fulton (1936) and from clinical material (See Fulton, 1938; 
Kappers, Huber and Crosby, 1936). 
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Clinical observations (Head, 1920, and others) indicate that two- 
point discrimination may be greatly disturbed without loss of ability 
to localize single points of stimulation. We know from study of the 
cortical control of tactile placing that accurate localization of the 
cutaneous area stimulated may still be possible in the monkey after 
removal of a large part of the postcentral gyrus, provided an anterior 
or a posterior portion of the gyrus remains. It seems likely, therefore, 
that only a portion of the cortical strip devoted to a particular part 
of the body is necessary for spot localization in that part. If the 
entire strip is necessary for two-point localization and stereo-function, 
partial injury could result in loss of these functions, while ability to 
localize single points of stimulation would still be preserved. If such 
is the mechanism, it is not necessary to consider separate localizations 
for these types of function. It is interesting to recall, in this connec- 
tion, that stimulation of a single cutaneous spot evokes maximal 
primary responses at two or three regions on the contralateral post- 
central gyrus (Marshall, Woolsey and Bard, 1941). 

The en bloc reversal of the cervical segments in their projection to 
the cortex raises the question as to where in the afferent system the 
actual reversal occurs. Available anatomical data are not sufficiently 
detailed to provide an adequate answer. It seems probable, however, 
that it takes place between the cord and the thalamus rather than in 
the thalamus or in the thalamo-cortical projections. This surmise is 
based on the following considerations. If the thalamic organization 
is similar to that of the cortex, a lesion placed in the postcentral gyrus 
at either of the regions of segmental discontinuity should result in a 
single area of retrograde degeneration in the thalamic nuclei. If, 
however, the thalamus is organized in the serial sequence of the spinal 
segments, then such a lesion ought to result in éwo regions of retrograde 
cell change. In two of Walker’s (1934) experiments the lesions were 
placed in these situations. His Fig. 4 shows that in experiment No. 2 
the cortical ablation involved both the trigeminal field and the field of 
Cs; in another (No. 3, his Fig. 7) the lesion was situated in the region 
of the trunk area and undoubtedly injured cortical projections from 
the upper cervical and the thoracic segments. In both cases single 
areas of retrograde cell change were found in the thalamus. If the 
deduction which this argument seems to warrant is correct, it follows 
that the reorganization must take place in the second order sensory 
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neurones of the spinothalamic tracts and the medial lemniscus. Since 
sufficiently detailed information concerning the segmental organiza- 
tion of fibers within these systems does not exist, further research will 
be necessary before a satisfactory answer to this question can be given. 

Dusser de Barenne’s face, arm and leg areas exhibit the same sharp 
boundaries ahead of the central fissure that they show behind it. It 
is, therefore, of interest to consider the anatomical organization of the 
precentral cortex. Careful study of the localization pattern in the 
motor cortex indicates that the projection system for the cervical 
segments has been inverted on the efferent side also. In general, the 
muscles activating the distal parts of the arm are innervated by the 
lower cervical segments, those acting on the proximal parts are sup- 
plied by more rostral levels, while the upper cervical segments send 
nerves to the dorsal muscles of the neck. The latter have their cortical 
representation in the precentral gyrus directly opposite the foci for 
the upper cervical nerves in the postcentral gyrus (Woolsey, un- 
published observations). The corticospinal tract then must show an 
organization similar to that which we have just been discussing for the 
sensory system. Fibers for the fingers terminate in the lower cervi- 
cal region, those for proximal parts of the arm in higher cervical levels 
and those for the dorsal muscles of the neck in the most rostral cervical 
segments. Fibers for the thoracic musculature on the other hand, 
although they leave the cortex in close association with fibers for the 
dorsal neck muscles, descend to the upper thoracic levels. One of us 
(Woolsey, 1938) has given a preliminary report on the organization of 
the motor leg area of the monkey’s cortex and has made the generaliza- 
tion that those muscles derived from the ventral muscle sheet (prima- 
tive flexors) are represented on the convexity of the hemisphere op- 
posite the sensory foci for the preaxial surface of the leg, whereas 
muscles derived from the dorsal muscle sheet (primative extensors) 
are represented in the paracentral lobule anterior to sensory foci for 
the postaxial surface of the leg. 

These experiments are cited because they throw additional light on 
the nature of the fundamental bases of cortical localization. Together 
the sensory and motor studies serve to extend and to document in a 
detailed manner the general thesis proposed by Woodburne and 
Crosby (1938; Woodburne, 1939) that “localization is not an innate 
property of the cortex as such but a function of the orderly arrange- 
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ment of the fiber tracts of the nervous system.” This thesis may be 
modified to include the reorganization of the projections for the cervical 
segments, a feature which doubtless must be considered a property 
of the suprasegmental levels. 


SUMMARY 


1. Electrical methods have been employed to detect in monkeys 
the cortical potentials which are evoked by localized stimulation of 
tactile receptors in the skin (movement of hairs or light pressure ap- 
plied to bare skin with cat’s vibrissa). 

2. Point by point examination of the cerebral cortex in terms of the 
peripheral cutaneous areas sending impulses to the points examined 
has revealed that the tactile system projects primarily to Brodmann’s 
areas 3, J and 2 of the contralateral hemisphere. Some evidence for 
ipsilateral representation of the head has been secured but none that is 
conclusive for other parts of the body. 

3. The cortical sensory sequence in the monkey has been found to 
differ in certain important respects from that currently accepted for 
man. Beginning in the lateral part of the postcentral gyrus and 
ending within the sulcus callosus marginalis (cinguli) this sequence is 
as follows (disregarding overlaps): Pharynx, tongue, lower buccal 
cavity, lower lip, upper lip and upper buccal cavity, nose and nasal 
passage, eye, forehead, side of head, chin, thumb, index finger, digits 
III, IV, V, hand, radial and ulnar surfaces of forearm, preaxial surface 
of upper arm, shoulder, neck, side of head and ear, occiput, postaxial 
surface of arm, trunk (upper then lower trunk, and from level of the 
midaxial lines of upper to midaxial lines of lower limb), preaxial surface 
of leg (thigh, knee, lower leg), anterior surface of ankle and medial side 
of foot, hallux, toes II, III, IV, V, lateral aspect of foot, heel, postaxial 
aspect of leg (calf, popliteal fossa, thigh), genitalia, anus, lower sacrum, 
base of tail, tip of tail. 

4. Analysis of the pattern of cortical representation in terms of the 
dermatomes shows that the spinal segments from T, through the last 
caudal (Ca,) are projected to the (contralateral) postcentral gyrus and 
paracentral lobule in the same serial order as that in which they are 
arranged in the cord and with overlapping at the cortical level com- 
parable in degree to that seen in the skin. The serial order of the 
cervical segments is retained, but on projection to the cortex they are 
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reversed en bloc. This brings the cortical fields of the upper cervical 
segments in contiguity with the cortical fields of the upper thoracic 
segments, whereas the field of C; lies adjacent to that of the trigeminal. 

5. Reversal of the cervical projection results in two regions of 
metameric discontinuity in the cortical sequence, that between tri- 
geminal and Cs, and that between upper cervical and upper thoracic 
fields. These discontinuities apparently coincide with the divisions 
between face, arm and leg areas revealed by Dusser de Barenne’s 
strychnine method. The cortical overlap between the segmentally 
unrelated fields of Cs, and the trigeminal is much less than that be- 
tween fields of comparable size which are segmentally adjacent, e.g., 
Ls, Le, L. 

6. Our experiments suggest that the peripheral distribution of 
fibers from individual segments is somewhat more extensive than is 
generally believed. The results show that fibers of the trigeminal 
nerve apparently overlap widely the occipital distribution of the upper 
cervical nerves to supply the entire head; the trigeminal in turn is 
completely overlapped by the cervical nerves. 

7. The concept that “functions, rather than anatomical relations 
of any one part of the body are represented” in the sensory cortex 
(Head, 1920) should be modified. Actually both function and struc- 
ture are represented; they are inseparable. Those dermatomes which 
innervate cutaneous areas possessing greatest tactile acuity, have the 
largest cortical projection areas, and vice versa. Anatomical repre- 
sentation, therefore, is not on the basis of the sizes but on the basis of 
the relative functional values of the various dermatomes (i.e., innerva- 
tion density). 

8. Findings in the literature appear to warrant the deduction that 
the cortical sensory areas of man and of monkey are similarly organized 
(Sittig, 1925). 

9. It is suggested that many of the clinical phenomena relating to 
disturbances of cortical sensory function can be reinterpreted on the 
basis of the structural and functional organization revealed by these 
experiments. 
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Results reported in a previous paper demonstrated that measure- 
ment of the electrical resistance of the skin affords a simple means of 
sharply defining the areas affected by sympathectomy. (Richter and 
Woodruff, 1941). It was shown that slight heating of operated pa- 
tients in a hot air bath greatly reduced the resistance of normal areas 
of skin but not that of denervated areas. A sharp line of demarcation, 
less than } inch wide, divided the normal areas with a low resistance 
from the affected areas with a high resistance. The patterns of the 
areas of high resistance as well as their location on the feet, legs, arms 
and trunk, varied with the spinal level at which the sympathetic gan- 
glia were removed. They coincided closely with the areas which did 
not sweat, as was demonstrated with the Minor starch iodine test, also 
with patterns of the sensory dermatomes. 

On the other hand, unoperated normal individuals when similarly 
heated in a sweat box had a uniformly low level of skin resistance on 
all parts of the body; however, when examined at ordinary room tem- 
peratures, they had a high level of skin resistance on all parts of the 
body except for several well defined areas on the face, in the axillae, 
in the antecubital fossae on the arms, and on the palms and soles of the 
hands and feet, respectively, all of which showed a low resistance. 

The following study deals only with the facial patterns of low skin 
resistance which include the eyes, nose and mouth. We were inter- 
ested to determine whether this facial pattern is present in all normal 
individuals, whether it remains constant at all times or changes with 
relation to external and internal influences, and finally, whether it has 
any definite relation to the distribution of hair or of the sensory nerves. 


1 This investigation was made under a grant from the John and Mary R. Markle 
Foundation. 
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METHODS 


, Our previous paper gives a full description of the methods used for 
‘ mapping skin resistance. A brief account will suffice for the present 
purposes. One electrode was fixed to an ear lobe, the other electrode 
was held in the experimenter’s hand and could be brought into contact 
with the skin on any part of the body. The former or fixed electrode 
consisted of a 4 inch disc of zinc sheeting covered with a paste made of 
kaolin and a saturated zinc sulphate solution. An ear ring clip 
soldered to the disc secured the electrode to the ear lobe. Before the 
. electrode was fastened to the ear lobe, a puncture was made through 
f the skin with a fine hypodermic needle, thus eliminating the electrical 
resistance under this electrode. The movable electrode consisted of 
a i inch zinc disc soldered at right angles over the end of an insulated 
zinc rod } inch in diameter and 3 inches long. By holding the rod in 
the hand, pencil-fashion, the flat surface of the disc could be brought 


into contact with the skin and readily shifted from one area to another. 
The dermometer used to map the areas of low resistance of the face 
consisted of two 4} volt dry batteries, a potential divider to regulate 
; the voltage applied to the patient, and a micro-ammeter which regis- 
| tered the resistance of the skin under the movable electrode. 


From previous experiments it was known that the resistance to the 
passage of a small direct current through the body is localized almost 
, entirely in the skin, (Richter, 1926); and further that a puncture 
through the skin with a needle completely eliminates the resistance. 
This meant that in the present experiments the puncture of the skin 
on the ear lobe eliminated the resistance under the ear electrode and 
that the resistance registered was localized under the moveable 
electrode. 

In these experiments the ammeter was not used to measure the 
actual resistance, but rather to indicate changes in resistance as the 
pencil electrode was moved from place to place on the skin. The 
| current from the batteries was so adjusted that when the pencil 
| electrode was placed over areas of high resistance the ammeter pointer 
moved no more than a few degrees on the dial; consequently, when 
the electrode was placed over areas of low resistance the pointer moved 
entirely across the dial. 

The usual procedure was as follows: starting with the pencil electrode 
held over the skin on the upper part of the forehead, which has a com- 
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paratively high resistance, the instrument was set so that the current 
from the batteries scarcely deflected the ammeter pointer. Then, 
while the pencil electrode was moved toward the center of the face 
touching the skin at distances of approximately 4 inch, a close watch 
was kept on the pointer for a sharp deflection which would show that 
the area of low resistance had been reached. By moving the electrode 
back and forth between the areas of high and low resistance at suc- 
cessively smaller distances, it was possible to determine quite ac- 
curately the point at which the resistance dropped. This point was 
marked with a black skin pencil. This process was repeated on other 
parts of the face until by joining all of the points together the boundary 
of the entire area of low resistance could be defined. Photographs 
gave a permanent record of the facial patterns. 

Seventy-two subjects were used in this investigation—42 young 
adults, 24 men from Loyola College, Baltimore, and 18 women from 
Notre Dame College, Baltimore; 18 new-born infants (10 boys and 8 
girls) from the Department of Obstetrics of The John Hopkins Hos- 
pital; and 12 bald-headed men from the wards of the Baltimore City 
Hospital at Bayview. 


RESULTS 


Facial Patterns of Areas of Low Electrical Skin Resistance in Normal 
Individuals 


At ordinary room temperature an oval or shield shaped area of low 
electrical skin resistance was found on the faces of all of the 42 young 
adult individuals who were used in this study. This area included 
both eyes and eyebrows, the nose, symmetrical parts of both cheeks, 
the mouth, and part of the skin below the lower lip, and was essentially 
the same in the men and women. The resistance of these areas was 
approximately five times lower than that of the surrounding skin, but 
within the area the resistance remained very much the same at all 
points. For 10 normal individuals the resistance averaged over 
4,000,000 ohms outside the area, and 785,000 ohms within. The 
change from low to high resistance was not gradual but very sharp, 
always occurring within a distance of (approximately) $ inch. 

Fig. 1 shows photographs of 6 of the 24 men. The dotted areas in- 
cluded within the black lines had a low electrical resistance. The 
patterns showed some variation but the basic pattern remained the 
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same. Fig. 2 shows the photographs of 6 of the 18 women. These 
patterns also varied somewhat, but were essentially the same as those 
found in the men. 

Repeated examinations showed that under the same external condi- 
tions the pattern tended to remain essentially the same in any one 
individual. 





Fic. 1. Photographs showing variety of patterns of areas of low electrical skin 
resistance (dotted) found on the faces of 6 men. 


Relation of Pattern of Low Skin Resistance to Age and Sleep 


These observations demonstrate that under ordinary conditions 
normal individuals have an area of low electrical resistance which 
includes most of the skin of the face. Further observations dealt with 
the constancy of this area under varying conditions. Is it dependent 
on fixed anatomical differences in the skin? Or does it change with 
age and with various external and internal conditions? 

In order to determine whether the areas change with age, we mapped 
the faces of 18 infants from 1 to 12 daysold. Fig. 3 shows photographs 
of 6 different babies, each with a different pattern. The shape and 
size of the patterns deviated widely from those found in the normal 
adults. In some of the infants the area of low skin resistance included 
all of the face and part of the neck, in others only a small area around 
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the mouth. It appeared at first that in infants the area of low skin 
resistance varied widely from individual to individual. However, it 
was soon noted that the infants with the large areas were awake, while 
those with the small areas were asleep or quiet. 

These results indicated that the areas might change with relation 
to sleep. In order to test this relationship, further experiments were 
undertaken in which continuous observations were made on the same 














Fic. 2. Photographs showing variety of patterns of areas of low electrical skin 
resistance (dotted) found on the faces of 6 women. 


infant throughout several sleeping and waking periods. The infants 
remained in their cribs throughout the entire period of observation. 
Fig. 4 gives a typical record of one of the infants used for these experi- 
ments. At 1:00 P.M., when the infant was asleep, the area included 
only the mouth and lips; but at 1:30 P.M., when the infant was fully 
awake but not crying, the area was similar to that found in the normal 
waking adults. At 2:00 P.M., when the infant was fast asleep, the 
area was again reduced so that it included only the mouth and lips. 

Observations made on adults indicate similar changes, though we 
have records on only a few adults because the adjustment of the 
electrodes usually interrupted the sleep. 
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The results of these experiments demonstrate that, although in 
normal waking states the area of low resistance has much the same 








Fic. 3. Photographs showing variety of patterns of areas of low electrical skin 
resistance (dotted) found on the faces of 6 new-born babies. 
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Fic. 4. Typical facial patterns of low electrical skin resistance found in new 
babies during sleeping and waking states. During deep sleep the area included 
only a small strip around the lips, while during the waking states it included both 
eyes, nose and mouth and had essentially the same shape as the area found in 
adults. 


size and shape in all individuals (in infants as well as adults), it may 
undergo wide fluctuations with relation to sleep. Clearly, it is not a 
fixed area. 
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Of special interest are the facts (1) that the sharp changes in skin 
resistance were present in the complete absence of any visible dif- 
ference in the skin—texture, color, moisture, or hair distribution 
and (2) that during the various stages of sleep and waking the patterns 
of the areas of low resistance formed concentric zones around the 
mouth. 


Relation of Areas of Low Skin Resistance to Changes in Body 
Temperature 

The next experiments dealt with the effects produced on the areas 
of low resistance by changes in external temperature. While taking 
the records on the normal individuals we had already observed that on 
very warm days the areas became enlarged until they included all of 
the face up to the hair line; and that in the heat cabinet the areas be- 
came enlarged to include not only all of the face, but the head, neck 
and finally all of the trunk. Thus we were interested to determine 
how cold temperatures would affect the areas of low resistance. For 
this purpose the subjects were kept for 45-60 minutes in a tub bath 
with the temperature at approximately 68°F. The face was mapped 
once before the subject stepped into the bath and then at regular 
10-minute intervals. Fig. 5 gives a typical record taken on one of the 
subjects on a very warm day. Before the subject stepped into the tub 
the area was much enlarged, due to the high room temperature 
(84°F.). In the tub the area quickly began to constrict, first to the 
size and shape of that present at ordinary room temperature, then 
further, to include less of the forehead, cheeks, and chin, then only 
the nose and mouth, and finally only the mouth and lips. Almost 
identically the same records were obtained on the other 5 subjects. 

Of particular interest here as well as in the previous experiments on 
sleep is the fact that the skin resistance patterns appeared to form 
concentric zones around the mouth. It may be noted that the 
different patterns found in the normals shown in Fig. 1 and Fig. 2 
also form concentric zones around the mouth. Differences in external 
temperature may account in part for the differences in size of these 
areas. 


The anatomical mechanism upon which the skin resistance patterns 
depend remains unknown. Direct evidence for the participation of 
the sweat-glands comes from the experiments in which it was shown 
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that the area was reduced during conditions when the sweat-glands 
became inactive, as during sleep, or exposure to cold external tempera- 
ture, and conversely that the area was increased during conditions 
when the sweat-glands became active, as during emotional stimulation, 
or with exposure to warm external temperature, etc. We have not 
been able to demonstrate a difference in the amount of sweat inside 
and outside of the area of low resistance. It is generally known, 
however, that sweat is often visible on the upper lip, especially in 
young children, when it cannot be detected on other parts of the face 





COLD TUB~25MiIN. COLD TUB~345 MIN. COLD TUB~45MiIN. 


Fic. 5. Typical record for an adult woman showing progressive constrictions 
of area of low electrical skin resistance (dotted) over 45 minute period in cold bath 


or body. Changes in circulation may also play a part, but as yet we 
have not been able to detect them. 


On the Relation Between the Facial Area of Low Electrical Skin Resistance 
and the Distribution of Hair 

In making a search for the possible significance of these areas of low 

electrical skin resistance, we were struck by the great similarity in 

shape and size of the pattern of low skin resistance found with such 
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consistency under ordinary conditions and that of the hairless facial 
areas found in chimpanzees, gorillas, and many other species of apes 
and monkeys. Fig. 6 gives the photographs of 2 gorillas, a chimpan- 
zee, a gibbon, a lemur, and a langur. In man the patterns of low 
resistance and of the hairless areas of the face are quite similar except 
for the presence of hair on the upper lip and along the diagonal lines 
from the corners of the mouth. 





Fic. 6. Photographs (made from collection in the Smithsonian Institute in 
Washington) showing pattern of hairless areas on faces of two gorillas, a chimpan- 
zee, a gibbon, a lemur and a langur. 


The fact that the facial patterns of low electrical skin resistance 
found in man coincide with the patterns of the hairless areas found in 
apes and monkeys may be entirely coincidental. However, the skin in 
man may still show differences in structure which correspond to the 
ape hair line. Detailed histological studies of the skin inside and 
outside of the low resistance area might throw further light on this 
relationship. 


Observations made on the area of low resistance in ten bald-headed 
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men add further evidence for a direct relationship between hair dis- 
tribution and the area of low skin resistance. It was found that 
although at normal room temperature the areas of low resistance of 
bald-headed men had the usual shape, slightly elevated external heat 
or slight excitement, caused the area of low resistance to expand to 
include all of the hairless part of the head. Fig. 7 shows typical areas 
of low resistance in three bald-headed men; these patterns were ob- 
tained at temperatures which only slightly increased the size of the 
areas in men with the usual hair distribution. 

We also found that a patient with only sparse hair distribution on 
the cheeks (he shaved only once every 2-3 weeks) had a definitely 





Fic. 7. Facial and head patterns of areas of low electrical skin resistance found 
in three bald-headed men. 


enlarged area of low resistance which extended to the ears and down 
to the edge of the jaw bones. 


Relation of Facial Skin Resistance Pattern to the Distribution of Sensory 
Nerves 


Thus far these experiments have shown that, although under normal 
conditions the pattern of low electrical skin resistance usually has the 
shape of an oval or shield including the eyes, nose, and mouth, it may 
constrict to include only the nose and mouth or finally only the mouth; 
or it may dilate to include all of the face, the top of the head, and 
finally the entire head. The arrangement of these concentric patterns 
may become clearer if we place the body in the prone position with the 
head retracted until the digestive tract from mouth to stomach forms 
a straight line. Beginning at the mouth end, successive transverse 
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sections through the head would have essentially the same outlines 
that we have described for the areas of low skin resistance. 

For the caudal end of the body the results of our previous study on 
areas affected by sympathectomy demonstrated a close relationship 
on the one hand between the patterns of areas of high resistance and 
areas which did not sweat and on the other hand between the patterns 
of these areas and those of the sensory dermatomes. We are now 
interested to determine whether the skin resistance patterns described 
for the head end of the body bear any direct relationship to the 
distribution of the sensory nerves to the skin of the face. 
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Fic. 8. (1) Drawing showing distribution of three peripheral branches of the 
trigeminal nerve. (2) Progressively smaller concentric pattern of areas of remain- 
ing pain and temperature sensitivity found in syringomyelia patients with progres- 
sively higher lesions in the descending nucleus of the trigeminal nerve. (Kutner 
and Kramer, 1907). (3) Patterns of areas of remaining pain and temperature 
sensitivity in a syringomyelia patient with progressively higher involvement of 
the descending root of the trigeminal nucleus. 


The face receives its sensory innervation from the trigeminal nerve, 
the three branches of which innervate the areas shown in Fig. 8 (1). 
These three areas have entirely different shapes from those of the areas 
of low electrical skin resistance and consequently, facial skin resistance 
patterns cannot bear any direct relationship to the three peripheral 
branches of the trigeminal nerve. 

Lesions of the trigeminal nucleus in the medulla, however, produce 
areas of anaesthesia the patterns of which very closely resemble those 
of the areas of low electrical skin resistance. Knowledge regarding 
the shape of these areas of anaesthesia comes largely from clinical 
observations made on patients suffering from syringomyelia or 
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syringobulbia. (Bernhardt, 1887; Gyurman, 1889; Laehr, 1896; v. 
Sélder, 1899; Schlesinger, 1902; Kutner and Kramer, 1907; Woods, 
1913; Dejerine, 1914; Head, 1920). In Fig. 8 (2) Kutner and Kramer 
summarized the various patterns of remaining pain and temperature 
sensitivity that had been observed by clinicians up to their time. 
Syringomyelia lesions that extend up the spinal cord to C, abolish 
pain and temperature sensitivity up to the line which runs from the 
vertex of the head to the ear and to the chin. Anterior to this line the 
pain and temperature sensitivity still remain intact. This is essen- 
tially the area supplied by the trigeminal nerve. Lesions above C:, 
which must necessarily involve the trigeminal nucleus, reduce the 
area of remaining sensitivity progressively in more or less concentric 
bands around the mouth, as the lesions extend further and further up 
into the medulla. The smallest areas recorded by Kutner and Kramer 
included the nose and mouth. See Fig. 8 (2). Several years later, 
Woods reported a case in which the area of remaining sensitivity in- 
cluded only the mouth. See Fig. 8 (3). Comparison of these areas 
of remaining sensitivity with those of low electrical skin resistance 
shown in Fig. 5 obtained at different stages in a cold bath, brings out 
the close similarity of the patterns. 

According to Woods these patterns of the areas of remaining sensi- 
tivity found in the syringomyelia and syringobulbia patient may be 
understood “if referred to the heads of lower vertebrates, such as 
serpents and frogs, in which the somatic axis from snout to tail is 
parallel with the cerebro-spinal axis. The head in these forms is less 
differentiated from the other (somatic) segments, so that it is not 
surprising that a segmental distribution of sensory nerves should be 
found for the head analogous with that found in the trunk. In these 
animals the final band of skin, corresponding to the most cephalad 
point of the long temperature-pain nucleus, is around the mouth. 

“Tt would thus appear that the trigeminal ‘spinal root’ nucleus 
may be but a contraction of the pain-temperature nucleus of the 
spinal nerves.” 

Accordingly we might think of the successive bands of remaining 
sensitivity around the mouth as well as the bands of low electrical skin 
resistance as segments made by cross-sectioning the anterior end of 
the body, just as the sensory and skin resistance patterns of the 
posterior end follow sectioning of the posterior end. 















454 CURT P. RICHTER AND BETTYE G. WOODRUFF 


There is, however, the difference that for the head end of the body 
above the spinal level we do not have the same definite evidence for 
the existence of segmentation. Streeter (1933) and others have failed 
to find any evidence of the original metameric segmentation found in 
the spinal region. The grouping of the nerve roots from the trigeminal 
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Fic. 9. Schematic drawings (modified after Best and Taylor, 1940) showing 
the segmental arrangement of the bundles of roots from the spinal or descending 
nucleus of the trigeminal nerve. 


nucleus into definite bundles may, however, be regarded as at least a 
form of segmentation. See Fig. 9 (modified from Best and Taylor). 

Moreover, the evidence from the syringomyelia cases also does not 
bring actual proof of the existence of a segmentation. It has only 
been shown that the area of remaining sensitivity on the face becomes 
smaller and smaller with the progressive advance of the disease up the 
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cord and medulla. No evidence has been presented to show that these 
reductions in size of this area take place by steps rather than as a 
gradual even progression. The schematic drawings published by 
Kutner and Kramer (see Fig. 8 (2)) and by many other clinicians imply 
that the areas of remaining sensitivity decrease sharply from one seg- 
ment to another, whereas in our studies on the changes in size of the 
areas of low skin resistance produced by a cold bath (see Fig. 5) we 
found a gradual reduction in size rather than by bands. 

Thus, from the evidence at hand it would seem likely that the areas 
of remaining sensitivity in the syringomyelia patients as well as the 
areas of low skin resistance reflect changes that occur in the descending 
nucleus of the trigeminal nerve and that these changes do not neces- 
sarily occur by segments. 


Relation between the Skin Resistance Patterns and the Activity of the 
Sympathetic Nervous System 


From previous studies we know that the sympathetic nervous sys- 
tem plays an important part in the control of skin resistance of other 
parts of the body, and it would seem likely that it is also important in 
the control of the skin resistance of the face. The anatomical connec- 
tion between the sympathetic fibres and the nerves from the trigeminal 
nucleus to the face are not known. Foerster (1933) has shown that 
fibres carrying antidromic impulses pass down sensory nerves in the 
spinal region. They may also pass along with the trigeminal nerves 
in the facial region. In addition there is evidence at hand which 
suggests the existence of a direct connection. During sleep, when the 
sympathetic nervous system becomes inactive, the pattern of low skin 
resistance becomes constricted to an area around the mouth. Like- 
wise, when the activity of the sympathetic nervous system is in abey- 
ance, owing to a lowered body temperature, the pattern of skin resist- 
ance becomes constricted to a smal! rea around the mouth. On the 
contrary during excitement or du..ag exposure to heat, when the 
sympathetic nervous system becomes active, the area of low skin 
resistance becomes enlarged. The position of the pattern on the 
somatic axis, its distance from the mouth, might thus be used as a 
measure of sympathetic activity or, indirectly, of parasympathetic 
inactivity. 
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Incidence of Cutaneous Cancer with Relation to The Areas of Low Skin 
Resistance or Increased Metabolic Activity 


Finally, attention may be drawn to the fact that a very high per- 
centage of all cases of cutaneous cancer occur on the face (Blum, 1940). 
Lacassagne (1933) found that 91 per cent of 1,626 cases of cutaneous 
cancer were localized on the face, the lips, nose, and eyelids being the 
most frequent sites. The actual distribution charts shown that a 
large proportion of the tumors fall within our area of low resistance. 
Fig. 10 shows the distribution of basal cell tumors reported by Ciccone 
(1935). Each small area represents one tumor plotted as it appeared 
when the patient first entered the hospital. (MacFarland, Ciccone, 





Fic. 10. Chart showing location of basal cell tumors on faces of patients, 
reported by Ciccone (1935). 


and Gelehrter, 1935). That such a high percentage of cutaneous 
tumors should fall within the facial area of low skin resistance may rest 
entirely on a coincidence. However, we know from earlier experi- 
ments on skin resistance that a lower skin resistance represents an 
increased rate of metabolism; a higher skin resistance, a decreased rate. 
(Richter, 1929). It is of special interest, therefore, that the cephalad 
end of the body should show such low skin resistance, especially since 
it agrees with the findings of Child (1921), Burr (1941) that the head 
end of the body shows the greatest metabolic activity. Smith and 
Fay (1939) found that the trigeminal area of the face had the highest 
skin temperature of any of the dermatomes. Thus the higher meta- 
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bolic activity of this area might predispose it as a site of tumor growths. 
(Smith and Fay, 1940; Fay, 1940). The fact that in apes and mon- 
keys, this area of low electrical skin resistance found in man was the 
hairless part of the face, may mean that in man it still has structural 
or functional characteristics which distinguish it from the surrounding 
areas and predispose it to various disease processes. 


SUMMARY 


1. The skin on the faces of 42 normal young adults showed a sharply 
demarcated area of low electrical resistance which usually included 
both eyelids, the nose, the mouth, as well as varying portions of the 
forehead, of the cheeks, and of the skin under the lower lip. 

2. The pattern of the area of low skin resistance was essentially 
constant for each individual under constant conditions of tempera- 
ture, etc. 

3. During sleep in both infants and adults the area became con- 
stricted, finally including only the mouth. On awakening the area 
quickly dilated to the normal size. During the various stages between 
deep sleep and waking the pattern formed concentric zones around the 
mouth. 

4. In warm external temperatures the area of low electrical resist- 
ance dilated until in some instances it included all of the head. In 
cold temperatures the area became constricted until it included only 
the mouth and lips. Here again the pattern at the different body 
temperatures formed concentric zones around the mouth. 

5. It was shown that the facial area of low resistance closely re- 
sembled the pattern of the hairless areas of the faces of apes and many 
monkeys. It coincides only in part with the hair line found in man. 

6. In bald-headed men the area of low electrical resistance included 
all of the bald area of skin up to within one inch of the line of the 
remaining hair. 

7. The patterns of low electrical skin resistance showed a close 
correlation with the patterns of areas of remaining pain and tempera- 
ture sensitivity found in patients with syringomyelia and syringobul- 
bia. Both form concentric zones around the mouth and in different 
stages have almost identically the same shape. Since the segmental 
patterns of remaining sensitivity apparently depend upon the affected 
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segments of the descending spinal nucleus of the trigeminal nerve, it 
was pointed out that the low skin resistance patterns may also depend 
upon segmental changes in this nucleus. 

8. It was indicated that the skin resistance patterns might help to 
give a measure of activity of the sympathetic nervous system. 

9. It was further pointed out that the low resistance of the area 
indicated high metabolic activity which agrees with results of other 
workers who reported that the head end of all organisms shows the 
greatest metabolic activity. 

10. Finally, attention was drawn to the fact that the facial area with 
the low electrical resistance and the high metabolic activity shows the 
highest incidence of skin cancer. 


For their kind cooperation and help we wish to express our gratitude to Rev. 
R. B. Schmitt, S. J., of Loyola College; Sister Mary Denise, S. S. N. D. of Notre 
Dame College; Dr. Nicholson J. Eastman of the Department of Obstetrics of the 
Johns Hopkins Hospital, Dr. Remington Kellogg, Curator of Mammals of the 
Smithsonian Institution in Washington, and Dr. Harold F. Blum of the National 
Cancer Institute at Bethesda, Maryland. 
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A FUNGUS CULTURE SLIDE! 


J. HOWARD BROWN 
From the Department of Pathology and Bacteriology, The Johns Hopkins University 


Submitted for publication February 27, 1942 


The cultivation of a fungus on a glass slide makes possible frequent 
microscopical observations and photomicrography without disturbing 
the growing fungus. By such means the development of the complete 
fungus from a single spore or mycelial fragment may be observed. 

The fungus culture slide to be described (Fig. 1) consists of a glass 
slide 76 mm. long, 28 mm. wide and 2 mm. thick. In the center is a 
polished, slightly depressed, concave table, 1 cm. in diameter, which is 
surrounded by two concentric moats. The two moats are connected 
by a short communicating moat and at the opposite edge of the slide 
the outer moat has a similar communication to the edge of the slide, 
the latter called the air inlet. A small notch is cut into the periphery 
of the central table on the same side as the air inlet. 

The method of use is as follows: (1) Sterilize the slide by passing it, 
cut-side-down, through a flame a number of times. Allow it to cool 
until it can be comfortably handled. If agar is to be used as a culture 
medium place the slide onto a warm stage or hot water bottle to delay 
congealing of the agar until the coverglass is in place. (2) Place 
very small droplets of mineral oil at the points marked x in Figure 1. 


1 A preliminary report was presented at the meeting of the Society of American 
Bacteriologists, Baltimore, December, 1941. 


Fic. 1. THe Funcus CuLturRE SLIDE BEFORE INOCULATION 
Fic. 2. THe INOCULATED FuNnGcus CULTURE SLIDE WITH COVERGLASS IN 
PLACE AND THE AIR INLET SEALED WITH PARAFFIN AFTER GROWTH 
Has BEEN ARRESTED BY EXPOSURE TO FORMALDEHYDE 
Fic. 3. A CULTURE OF Aspergillus niger AS SEEN 
UNDER A 48 MM. OBJECTIVE 
Fic. 4. Detar From Fic. 3 SHowING AERIAL GROWTH AS SEEN UNDER A 16 MM. 
OBJECTIVE 
Fic. 5. CutturE oF A Monilia as SEEN UNDER A 48 MM. OBJECTIVE 
Fic. 6. Detar From Fic. 5 SHOwING BuDDING MYCELIUM IN THE DEPTHS OF THE 
AGAR AS SEEN UNDER A 4 MM. OBJECTIVE 
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(3) Place a full, large (4 mm.) loop of the inoculated medium (e 
Sabouraud agar) onto the central table at the spot marked 0 in Figure 


ta 
h- 


1 or, if desired, “‘spot’’ inoculation may be employed by placing sterile 
medium onto the table and inoculating it with a needle. (4) Immedi- 
ately and carefully cover the preparation with a flamed square 25 mm. 
coverglass which should cause the inoculated medium to spread out in 
the form of a circle broken by the notch at the edge of the table (Figs. 
2,3 and 5). It will be noted that, with the coverglass in place, air 
may reach the culture only via the shallow tortuous passage formed by 
the moats and the notch in the table, thus preventing contamination 
and delaying desiccation of the medium. The slide should be in- 
cubated in a Petri dish containing a piece of moist filter paper further 
to prevent drying. If it is desired to arrest growth of the culture at 
any stage and to make a permanent preparation, place the slide culture 
into a desiccator over formaldehyde solution for several hours, then 
seal off the exterior air inlet with paraffin by means of a hot spatula as 
shown in Figure 2. Such preparations are very useful for teaching 
since students often have great difficulty in making satisfactory micro- 
scopic preparations from cultures of fungi which may be very fragile 
or of very tough texture. 

Figures 3, 4, 5 and 6 illustrate possibilities of observing deep and 
surface growth under various magnifications. An 8 mm. objective 
has been found very useful but the 4 mm. objective may also be used 
and structures near the coverglass may be observed under the oil 
immersion objective. With lower power objectives oblique illumina- 
tion often presents very beautiful dark field effects. 








PROCEEDINGS OF A MEETING OF 
THE JOHNS HOPKINS MEDICAL SOCIETY 


HELD IN THE Hurp MemoriaAt HALL, Marcu 9, 1942 


The President of the Society, Dr. Frank B. Walsh, presided. 
The program was as follows: 


1. The Role of Certain Infections in Coronary Disease. By Dr. Joun T. Kino 
(Department of Medicine, Baltimore City Hospital). 

2. The Changing Incidence of Disease with Special Reference to Carcinoma of the 

Lung. By Dr. Writt1Am Boyp (University of Toronto, Toronto, Canada). 











BOOK REVIEWS 


(These reviews represent the individual opinions of the reviewers and not 
necessarily those of the members of the Editorial Board of this Journal.) 


Synopsis of Allergy. By Harry L. ALEXANDER. 246pp. Illus. $3.00. C. V. 
Mosby Company, St. Louis, 1941. 

The author, a recognized authority in the field of allergy, has attempted the 
difficult task of summarizing present day views on allergic diseases. A short 
historical survey of the development of our knowledge of anaphylaxis and allergy 
serves as a background for a more detailed and critical analysis of diagnostic 
methods employed in the study of the several clinical expressions of allergy. The 
latter are discussed individually from the standpoint of diagnosis and treatment. 
The chapters on hay-fever and bronchial asthma are relatively complete but other 
syndromes, such as urticaria, angioneurotic oedema and atopic eczema, are inade- 
quate. The limitation of space in a miniature text book prevents full discussion 
of many controversial subjects and where authoritative opinions conflict, which is 
still frequently the case in this field, the author’s interpretation is given. This is 
the chief criticism of the synopsis, and it greatly lessens the teaching value of the 
text, particularly for medical students and the general physician, for whom the 
book is obviously intended. Furthermore, the specialist will frequently disagree 
with the author’s views and interpretations of certain laboratory and clinical data 
For example, the author minimizes the role of infection in bronchial asthma, 
whereas most authorities agree that upper respiratory infection, particularly of 
the paranasal sinuses, is one of the most important aetiologic factors in adults 
despite the presence of an allergic history. It is also well known that the dosage 
of pollen extract, sufficient to prevent the symptoms of hay-fever in any one 
individual, is unpredictable, yet the author speaks of adequate dosage as one of 
the two requisites of successful treatment. These and many other unsolved 
questions in this field cannot be adequately treated in such a limited text; the 
uninitiated student interested in this field would find more of value in the several 
standard textbooks on allergy. 

W. L. W. 


Cancer of the Face and Mouth: Diagnosis, Treatment, Surgical Repair. By VILRAy 
P. Bia, SHERWOOD Moores, and Louis T. Byars. 599pp. Illus. $10.00. 
C. V. Mosby Co., St. Louis, 1941. 

This book comes as a welcome addition to the rapidly accumulating literature 
on the clinical aspects of malignant disease, from a group headed by Dr. Blair, a 
pioneer in facio-maxillary and plastic surgery. His vast experience and excellent 
work make this book a source of authoritative value. 

After a short chapter on general considerations in the treatment of cancer of the 
mouth and face, another on the underlying principles of surgical destruction or 
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removal, and a third on the care of the patient (a most important factor), the 
authors devote separate chapters to the management of malignant disease found 
in the oral cavity and on the face. All phases of the problem are honestly and 
fairly dealt with and credit given to the treatment which has proven most effica- 
cious. For the most part the book treats of the surgical approach, but due consid- 
eration is given to irradiation therapy. A special chapter by Sherwood Moore is 
devoted to Destruction by Radiation and General Considerations. 

A chapter on 5-year follow-up statistics on some of the cancer cases of the late 
Ellis Fischel is written by E. L. Keyes. This is a memorial chapter to Dr. Fischel 
as his special interest for many years was the study and control of cancer, and 
among other things he put special emphasis upon careful follow-up of his patients. 

Since for the most part the book is a report of the work of this group of authors, 
very little space is given to bibliography. 

An unique feature is the separation of operative technique from the main text. 
The Operative Technique, covers over 200 pages and is made up of 64 plates with 
adequate legends. These plates are diagramatic sketches, made in a simple, clear 
manner, with uniform explanations and symbols. All of the plates are so carefully 
labelled and referred to in the text as to be an integral part of the book; putting 
them in a separate chapter, however, makes for easy reference to any particular 
operative procedure. 

The book is certainly one that every plastic surgeon, facio-maxillary surgeon 
and cancer therapist should have on his shelves. 

G. E. W. 


Textbook of Surgery. By American Authors. Edited by Frederick Christopher. 
3rd ed. 1764 pp. Imus. $10.00. W. B. Saunders Company, Philadelphia 
and London, 1942. 

The third edition of Christopher’s Textbook of Surgery has been enlarged to 
include the treatment of war wounds, sulfanilamide therapy, abnormalities of the 
thymus, and many other new developments of the past few years. In my opinion 
this is the best text of general surge y available at any price, an opinion borne out 
by the wide popularity of the book. Dr. Christopher deserves great praise for 
his successful selection of contributors and for his superb and painstaking editor- 
ship. The quality of the publisher’s work is also noteworthy. 

E. S. S. 








